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Abstract: The water vapor content in the atmosphere is highly correlated with rainfall events,
which can be used as a data source for rainfall prediction or drought monitoring. The GNSS PPP
(Precise Point Positioning) technique can be used to estimate the troposphere ZWD (Zenith Wet
Delay) parameter which can be converted into precipitable water vapor (PWV). In this study, we first
investigate the impacts of the weighting strategies, observation noise settings, and gradient estimation
on the accuracy of ZWD and positions. A refined strategy is proposed for the troposphere estimation
with uncombined raw PPP model, down-weighting of Galileo/GLONASS/BDS code observation by
a factor of 3, using a sine2-type elevation-dependent weighting function and estimating the horizontal
gradients. Based on the strategy, the correlation of the estimated tropospheric parameters with the
rainfall is analyzed based on the data from the “7.20” rainstorm in Henan Province, China. The
PWV is first calculated based on the hourly global pressure and temperature (HGPT) model and
compared with the results from ERA5 products. Results show their good consistency during the
rainfall period or the normal period with a standard deviation of 3 mm. Then, the high correlation
between the PWV and the heavy rain rainfall event is validated. Results show that the accumulated
PWYV maintains a high level before the rainstorm if a sustainable water supply is available, while it
decreased rapidly after the rainfall. In comparison, the horizontal gradients and the satellite residuals
are less correlated with the water vapor content. However, the gradients can be used to indicate the
horizontal asymmetry of the water vapor in the atmosphere.

Keywords: zenith wet delay; precipitable water vapor; rainstorm; GNSS meteorology

1. Introduction

The troposphere usually refers to the non-dispersive atmosphere, which cannot be
eliminated by combinations of signals differing in frequency. Global Navigation Satellite
System (GNSS) has been a promising tool for obtaining tropospheric parameters [1]. Precise
point positioning (PPP) with an uncombined model can simultaneously estimate the tropo-
sphere and its horizontal gradients by making full use of the available frequencies [2], which
can be used for water vapor detection and weather forecasting. The tropospheric parameter
estimated from GNSS measurements is usually expressed as a function of zenith hydrostatic
delay (ZHD), zenith wet delay (ZWD), and corresponding mapping functions [3]. The
generally used empirical model for ZHD correction is the Saastamonien [4], which can
achieve a millimeter level. An improved ZTD model is also made available by considering
the height scale factor [5]. Users can select the proper model for a prior tropospheric
correction, then the ZWD and horizontal gradient parameters can be determined with a
properly functional and stochastic model in PPP.

The ZWD can be converted to precipitable water vapor (PWV) value if the weighted
mean temperature (Tm) of atmospheric can be derived based on surface air temperature
measurements [6]. However, only a limited number of GNSS stations are installed with
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meteorological sensors and most of the data are not open access. An alternative method is to
obtain the meteorological data from the numerical weather models (NWMs) [7]. The latest
reanalysis data (ERAS5) from the European Center for Medium-Range Weather Forecast
(ECMWEF) contains meteorological parameters with a three-dimensional grid-based format.
To make better use of the NWMs, a GNSS Meteorological Ensemble Tools (GMET) online
interface (http://gmet.users.sgg.whu.edu.cn, accessed on 26 December 2022) has been
developed by the group from Wuhan University. The GMET interface is able to calculate tro-
pospheric parameters from MWMs or radiosonde data at the user-required sites or regions.
Meanwhile, the WMF (Wuhan University Mapping Function) model grid products (1 x 1)
and real-time ZTD grid products over China are also available. The derived meteorological
parameters have been proved to obtain high-accuracy PWV over China [8-11]. Liu et al.
also validated the high consistency and accuracy of ZTD from three different types of
reanalysis data by comparing them to the IGS products [12]. Based on the meteorological
parameters from the NWMs, the PWV can be derived. Researchers also established the
global grid empirical model to obtain the Tm [13] or other meteorological parameters [14].
Mateus et al. developed an hourly global pressure and temperature (HGPT) model based
on the full spatial and temporal resolution of the new ERAS reanalysis products. The model
is proven to improve the accuracy of Tm by 33% compared to recent global models and can
be easily used for real-time and post-processing applications.

Many studies have investigated the relationship between PWV values and rainfalls,
aiming at improving the accuracy of rainfall forecasting with dense GNSS networks. The
feasibility of real-time PPP-derived PWYV for rainfall monitoring has been validated [15-17].
Manandhar et al. proposed a rainfall prediction algorithm for the tropical region using
the maximum PWYV value and maximum rate of increment criteria and validated its
feasibility [18]. Li et al. proposed a multi-factors model for rainfall prediction and validated
its feasibility [19]. The PWV only represents the water vapor content along the zenith
direction and does not include the water vapor along individual satellite paths. To improve
the spatial resolution of the GNSS-derived tropospheric information, the atmospheric
gradients and the tropospheric residuals are analyzed and proved to be a promising tool
for sensing the water vapor in the atmosphere [20-22].

Obtaining the precise tropospheric parameters in real-time is the precondition to
promote the application of GNSS for heavy rainfall monitoring or short-term weather fore-
casting. In this article, different strategies for the PPP tropospheric parameters estimation
are compared and validated with respect to the IGS final products. After identifying an
optimal strategy, precise ZWD/PWYV are derived and compared to the ERA5 model. Then,
the correlations of the tropospheric parameters, including the PWV, horizontal gradient
and atmospheric residuals, with respect “7.20” Zhengzhou heavy rainfall event are ana-
lyzed. The results can provide technical support for the application of GNSS tropospheric
parameters on rainstorm monitoring.

2. Methodology

The raw code and carrier phase observations for satellite s to receiver r at observation
frequency i can be expressed as:

Pr; = pptdt, —dt + T0 + pill ) + € p 1)
L;S,’i = pi+dt, —dt* + T; — Vi15,1 + )\iNf,i + S?,L
where P}; and L7 ; denote the raw code and carrier phase observations in meters, respec-
tively, pf denotes the geometric distance between the receiver and the satellite, dt, denotes
the receiver clock error, dt° denotes the satellite clock error, I r, denotes the slant iono-
spheric delay on the first frequency, y; = f/f? denotes the frequency-related constant
value, T} denotes the slant tropospherlc delays, N;; and A; denote the phase ambiguities
and corresponding wavelength, ¢;  and ¢; | denote the sum of multipath errors and mea-
surement noises for code and phase observables after applying the antenna phase center
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offset/variations and phase wind up corrections, etc. The precise satellite orbits and clocks
are usually corrected with external IGS/MGEX final or real-time products. The other terms
are estimated as unknown parameters in the PPP model with proper stochastic model.
Normally, the slant tropospheric delay T; can be written as the sum of hydrostatic, wet and
gradient delays:

T; = my - ZHD +my - ZWD + mg[Gy - cos(A) + Gg - sin(A)] )

A is the azimuth angle of the satellite; ZHD and ZWD are hydrostatic and wet contri-
butions of the ZTD; mp and myy are corresponding hydrostatic and wet mapping functions;
mg is the gradients mapping function; Gy and Gg are corresponding horizontal north and
east gradient parameters. The ZHD can be corrected using empirical models. Then the
tropospheric wet delay and horizontal gradients are usually estimated as unknowns along
with other parameters.

The estimated ZWD can be converted to the PWV by multiplying a conversion factor,
which can be written as:

-1

k
poRo(=> +Ky)| - ZWD 3)

PWV =11-ZWD = 10°
T

IT is the water vapor conversion factor; p,, = 1 x 10%kg/m? is the density of liquid
water; Rv = 461.524] /kg is the vapor gas constant; k3 and k/, are empirical values; and
Tm is the atmospheric weighted mean temperature, which can be calculated using a
linear combination:

Tn=ua+ ,B - Ts 4)

where « and f are the linear regression coefficients. The coefficients are bilinearly inter-
polated in space using Python subroutine along with the coefficient files in binary format
provided by the hourly global pressure and temperature (HGPT) model.

3. Data and Experiments

The G-Nut/Tefnut Pro V3.4 software developed at the Geodetic Observatory Pecny
(GOP) is used for data processing [23]. The software has the capability of multi-frequency
processing based on the raw model and has been validated to achieve high accuracy for
real-time multi-GNSS troposphere estimation. An RMS of 5-8 mm can be achieved for
individual stations during the two-year period of a routine real-time estimation [24]. To
further explore the accuracy improvement of the tropospheric parameters, we first compare
the different PPP strategies that are commonly used in the literature and then identify
an optimal strategy for the software. Based on the new strategy, precise tropospheric
parameters are derived and their correlation with the heavy rainfall event is analyzed.

3.1. Validation of Advanced Strategy for Tropospheric Estimation

Observations data at 21 Multi-GNSS Experiment (MGEX) stations from DOY (Day Of
Year) 197 to DOY 207 are selected for the PPP experiments. Figure 1 shows the distribution
of the global stations. The stations are able to track all four GNSS systems during the
periods. Table 1 list the default settings used in the experiments. To simulate the real-
time processing, the orbit/clock products from Center National d’Etudes Spatiales (CNES)
CLKO93 streams are converted to the standard SP3/CLK format. The difference between the
strategy compared to the real-time processing is that the PPP is not affected by the delay of
the orbit/clock streams.

Generally, the elevation-dependent stochastic model is used for PPP. Based on the
conception, different stochastic functions are proposed. Hadas et al. compared the per-
formance of four stochastic functions and found the cosine-type function can improve
the accuracy of tropospheric parameters significantly [25]. Based on their innovation, we
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further compared its performance to a sine2-type stochastic function. The used functions
are defined as
sine:o = (fo/sine2

5
cose: o = 0py/a3 + B3 coste ®)

where e is the elevation angle, 0y is a priori sigma of the observation. The constant pa-
rameters are a3 = 1, B3 = 4, n = 8. The two elevation-dependent weighting function
varies significantly at the lower elevation angles, especially the cose function. It is a
common practice to amplify the observation noise for other GNSS when compared to
GPS considering the mis-modeling of real-time satellite orbits and clocks. According
to the signal-in-space ranging errors (SISRE) values from Kazmierski’s [26] results, the
SISRE for GLONASS/Galileo/BDS are three times larger than that of GPS. Therefore, the
SISRE error is considered by increasing the pseudo-range noise of the Galileo/ GLONASS/
BDS observations.
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Figure 1. Distribution of the MGEX stations.

Table 1. Processing strategies for the multi-GNSS troposphere estimation.

Item Strategies
Estimator Forward Kalman
Satellite orbit Fixed with CNES real-time orbits
Satellite clock Fixed with CNES real-time clocks

Carrier phase with a noise of 0.003 m for GPSP
seudorange with a noise of 0.3 m for GPS
Elevation mask angle 7 degree

Solid Earth tides, ocean tide loading, pole
tides, IERS Convention 2010

Observations

Station displacement

Earth rotation parameter Fixed

Antenna phase center Corrected with “igs14_ wwww.atx” file
ZHD: Saastamoinen model

Zenith Tropospheric delay ZWD: estimated with random-walk
Mapping function: GMF

Tropospheric gradients Estimated, epoch-wise random-walk

Receiver clock Estimated as white noise

ISB and IFB Estimated as constant, GPS as reference

Station coordinate Static: estimated and modeled as constants

Phase ambiguities Estimated as constants, float solution

Table 2 list the different strategies used for the processing and the corresponding
ZTD/coordinate accuracy. The effects of the different weighting functions and the SISRE
weighting and estimating of the horizontal gradients are considered. The troposphere accu-
racy is evaluated by comparing it to the IGS final products [27] and the positioning accuracy
is evaluated using the repeatability of the horizontal and vertical coordinates measured by
the standard deviation (STD) of the time series. It is observed that estimating the tropo-
spheric gradients can improve the accuracy of ZTD and coordinates in all three different
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strategies. The maximum improvement is 0.49 mm and 1.15 mm respectively for the ZTD
and vertical coordinates when using the cos e weighting function. When considering the
SISRE weighting, the horizontal and vertical accuracy is improved by 28.5% and 19.2% for
the sin e weighting functions which can achieve the best accuracy in the different strategies.
In comparison, the accuracy of the parameters estimated from the cos e type weighting is
worse than the sin e when considering the SISRE weighting. This might be due to the cose
function imposing a higher weight for the low-elevation observations. Though estimating
the gradients can absorb part of the residuals, the improvement is still limited.

Table 2. The STD of the estimated ZTD (cz7p ), repeatability of horizontal (¢ ) and vertical (v )
coordinates using different schemes.

ZTD [mm] ZTD + GRD [mm]
Weighting Function SISRE Weighting
0ZTD OH oy 0ZTD OCH oy
sin? e No 8.75 5.12 8.44 8.72 4.80 8.05
sin’e Yes 8.57 3.64 6.95 8.40 343 6.42
cose Yes 9.26 3.75 8.11 8.77 3.78 7.23

Figure 2 compares the time series of the ZWD and the north gradients estimated
from the sine2-type and cosine-type functions when considering the SISRE weighting. The
average STD of the ZWD for station RGDG (top) and station PNGM (bottom) is 5.8 mm and
11.58 mm, respectively, when compared to the IGS final products. The ZWD differences
range from 10 mm—40 mm, depending on its magnitude at the station. Obviously, a large
ZWD difference exists between station RGDG and PNGM. The ZWD obtained from the
online ERAS interface is also shown on the left of Figure 2. It is observed that the magnitude
of the ZWD from different sources is at the same level though short-term difference exists.
Therefore, it can be deduced that the relatively large ZWD for the station PNGM is caused
by the environment. The magnitude of the tropospheric gradients estimated from the
different strategies show a consistent trend; however, its trends are less correlated with the
ZWD. Though an obvious ZWD decreasing and increasing trend is observed from DOY
199 to DOY 200 for station PNGM, the corresponding trend is not obvious for the gradients.
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Figure 2. Time series of ZWD (TRPWET) and the north gradient difference (TGNTOT) from different
schemes for station RGDG (top) and PNGM (bottom).
3.2. Correlation Analysis between the GNSS Derived Tropospheric Parameters and Rainfall Event

Based on the previous analysis, an optimal strategy for the real-time tropospheric
parameters estimation is defined as that PPP based on the undifferenced uncombined
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functional model, with sine2-type weighting function, empirical SISRE weighting by down
weighting noise of the code observation for the GLONASS/Galileo/BDS with a factor
of 3, and estimating the horizontal gradients. Based on the strategy, we selected the data
from the Crustal Movement Observation Network of China (CMONOC) to analyze the
correlations of the GNSS-derived parameters with respect to the meteorological sensor data
based on the “7-20" extreme rainfall event in Zhengzhou, China. Only GPS/GLONASS
observations are available in the file with a sample of 30 s.

The extreme rainfall event that occurred in China’s Henan Province between 17 and
21 July 2021 is analyzed in this section. The center of the rainfall is mainly located around
Zhengzhou where most meteorological stations have an accumulated rainfall of more
than 250 mm. The distribution of the rainfall is presented in Figure 3 and its moving
characteristics have been analyzed in [28]. Figure 4 shows the location of the GNSS stations
in the Henan Province and their nearby meteorological stations with its records accessed
from the China National Meteorological Information Center. Table 3 lists the position of
the GNSS stations, as well as the height difference and distance between the GNSS and
meteorological stations. Three station pairs with a relative distance of 10 Km and a relative
elevation within 80 m are used for the analysis.
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Figure 3. Distribution of rainfall in Henan Province from 19 July to 22 July: (a) Rainfall distribution on
19 July; (b) Rainfall distribution on 20 July; (c) Rainfall distribution on 21 July; (d) Rainfall distribution
on 22 July.

The data are processed with the optimal PPP strategies and the derived ZWD is
converted to the PWV using the Tm calculated with the HGPT model. The resolution of
the rainfall rate data is 1 h, while the ZWD is computed every 30 s. The PWV obtained
from the ERA5 online web interface is compared to the PWV calculated using the HGPT
model for validation. Figure 5 shows the variations of the PWV time series at ZHNZ
station and the hourly rainfall from the nearby GNSS meteorological station for the period
of DOY (Day Of Year) 191 to DOY 208. It is observed that the variations of ERA5 PWV
show good consistency with respect to the GNSS PWV. The large discrepancy at the initial
period of DOY 191 is caused by the poor convergence quality of PPP due to the limited
number of satellites used in the processing. Afterward, the absolute discrepancy is within
10 mm with an average STD of 3 mm. The absolute PWYV differences include the errors
caused by GNSS ZWD estimation, HGPT Tm interpolation and ERA5 PWYV calculation.
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Due to the high resolution of the GNSS-derived PWYV, it can better capture the details of
atmospheric variations.

37700

36°00" HAHE 53992

357070

34700

HAQS #57204

337070

327070

T T T T T T T
10°00"  111%0°0"  112°0°0" 130" 114°070" 5= 116=0r0"

Figure 4. GNSS stations and the meteorological station used for the analysis.

Table 3. Location of GNSS stations and their relative elevation/distance to the meteorological station.

GNSS Meteorological Latitude Longitude  Height Difference Distance
Stations Stations ©) ©) (m) (Km)
ZHNZ 57082 34.52075 113.1049 71.75 10.44
HAHB 53992 35.65847 114.5191 15.87 3.68
HAJY 53978 35.16256 112.4475 132.44 18.97
HAQS 57294 32.84514 114.0265 13.21 5.03
ZHNZ
I 30
70 41— —— GNSS-PWV —— ERAS5-PWV BN rain
60
— F20 =
g <
£ 50 E
2 =
E 40 - 10 K
30 A
20 IJ| i I - . 0

I
190 192 194 196 198 200 202 204 206 208
DOY (Day Of Year) in 2021

Figure 5. Time series of the GNSS derived PWV (GNSS-PWV) and ERA5 derived PWV (ERA5-PWV)
with respect to the hourly rain at the nearby meteorological station.

When considering the relation between the PWV and rainfall, it indicates that an
increasing trend can be clearly observed before the arrival of rainfall and reaches a relatively
large value during rainfall. The PWV drops after the rainfall ends, reflecting their high
correlations. However, the PWYV increment rate is less correlated with heavy rainfall events.
More specifically, the obvious PWV escalating trend from 30 mm to 60 mm occurs during
12:00, DOY 191 to 12:00, DOY 192. After a total rainfall of 14 mm within 3 h, the PWV
decrease to 37 mm. Afterward, the PWV accumulated smoothly and maintained at a high
level from DOY 193 to 199. During the heavy rainfall period from DOY 199 to DOY 203,
the PWV maintained a high level due to the continuous supply of water vapor, resulting in
the long extreme rainstorm. After the external water vapor cannot be sufficiently supplied,
the PWYV value is shown as falling to the magnitude of 30 mm.
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Figure 6 shows the time series of the horizontal north gradients and east gradients with
respect to the hourly rainfall at station ZHNZ. Generally, the magnitude of the gradients is
within the range of 4 mm. The gradient variations are less correlated with rainfall. This
is mainly due to that the tropospheric gradients reflect mainly the horizontal asymmetry
rather than the water vapor in the atmosphere. It is also associated with the rotational
motion of the earth around its own axis [21]. However, there is an uprush of the east
horizontal gradients near 15:00, DOY 194, 2021. We believe that this is caused by the
accumulation of water vapor in the east direction. However, due to the limited number of
GNSS networks, the anomaly cannot be analyzed in depth.

ZHNZ
- 30
—— ordN —— grdE B rain
g - 20 7
E g
G 10 =
II | T : T 1 0

190 192 194 196 198 200 202 204 206 208
DOY (Day Of Year) in 2021

Figure 6. Time series of the horizontal north gradients (grdN) and east gradients (grdE) with respect
to the hourly rain at the nearby meteorological station.

The PWYV time series and gradient variations are also analyzed at the station HAQS
and HAHB for the period from DOY 191 to DOY 208, July 2021. By comparing the PWV
magnitude and its variations to the rainfall in Figure 7, it is clear that the PWV maintains at
a high level > 50 mm before the rainfall. After the rain, the PWV falls to the magnitude of
35 mm. It can be concluded that the continuous water supply and abundant water vapor
in the atmosphere can easily lead to heavy rainfall events. In comparison, the horizontal
gradient parameters are not sensitive to the rainfall in the atmosphere, but they can be used
to indicate the increasing amount of water vapor in the troposphere [29].
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Figure 7. Time series of PWV and horizontal gradients with respect to the hourly rain for station
HAQS and HAHB.

The cross-correlation method proposed by Zhang et al. [30] is used to describe the
numerical causality between PWV /horizontal gradients and the rainfall at the meteoro-
logical station. As the sampling rate for the two datasets is different, the rainfall data is
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interpolated to the 30 s sampling, which is the same as the GNSS-derived parameters. Then,
a phase shift ranging from —600 to 600 is applied to the rainfall data for calculating the
correlation coefficients. Figures 8 and 9 show the coefficients for the ZWD and horizontal
north/east gradients at station ZHNZ, respectively. It is clearly observed that the corre-
lations for the PWV are numerically more significant than the horizontal gradients. The
correlation for PWYV reaches the peak > 0.47 during a phase shift of 0 to 77 min, indicating
that the rain starts after the PWV accumulates to the peak. In comparison, the correlations
for horizontal gradients are below 0.2. When the coefficients for PWYV reach the peak, the
north and east gradient correlations reach the valley, indicating the tropospheric horizontal
asymmetry is less correlated with the rainfall. Figure 10 shows the coefficients for the
ZWD at station HAHB and HAQS, respectively. The phase shifts are —91 (40.5 min) and
—50 (25 min), respectively, when the correlation reaches a maximum value. The PWV in
the atmosphere accumulates continuously when the rainfall reaches the peak indicating the
continuous water supply in the atmosphere. The coefficients and phase shift differ slightly
at different stations because the path from PWV to the rainfall is a complicated process, but
the high correlations between the ZWD/PWYV and heavy rainfall event are validated.

0474 — Phase shift
g
= 0.46
3
g
045 1
o
£
o
© 044 A
T T T T T T T
600  —400  —200 0 200 400 600

Epoch (30s)
Figure 8. Correlation coefficients between the PWV and rainfall.
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Figure 9. Correlation coefficients between horizontal north (left) and east gradient (right) with
respect to the rainfall.
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Figure 10. Correlation coefficients between the PWV and rainfall for station HAHB and
HAQS, respectively.

To further investigate the performance of the proposed strategy and identify whether
the unmolded tropospheric delays can be absorbed by the PPP residuals during the heavy
rainfall event. Figure 11 shows the variation of the residuals with respect to the satellite
elevation for PRN G02 and R22 at station HAHB. There is heavy rainfall on DOY 192;
however, only the elevation-related variations can be observed for the two satellites. The
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results indicate that most of the tropospheric delays are absorbed by the estimated ZWD
and gradient parameters. The residuals are mainly affected by the observation noise and
the multipath effects.
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Figure 11. Time variations of residuals with respect to the elevation for station HAHB.
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4. Conclusions

GNSS is an all-weather, low-cost, and high-precision technique for sensing water vapor.
In this study, the uncombined PPP model is used for the tropospheric parameters estimation
and its correlations with respect to the heavy rainfall event are analyzed. We implement an
optimized strategy for the ZWD estimation; the settings include a sine2 type weighting
function, the down-weighting of the code observation for the GLONASS/Galileo/BDS
with a factor of 3 and estimating the horizontal gradients. With the strategy, the accuracy
of the troposphere reaches 8.77 mm when using the CNES real-time orbits/clocks and the
forward Kalman filter method. The repeatability of the horizontal and vertical coordinates
is 3.78 mm and 7.23 mm, respectively.

Then, the correlations of the tropospheric ZWD/PWYV, horizontal gradients and the
slant residuals with the heavy rainfall event are analyzed. Results show the PWV variations
are highly correlated with the rainfall event, the PWV accumulates before the rainfall
event and falls to the normal level after the rainfall event. An accumulated PWV value
of >50 mm can be an indicator of heavy rainfall. The duration of the rainfall depends
on whether there is a continuous water vapor supply. In comparison, the tropospheric
gradients are less correlated with the water vapor content. The north or the east gradients
are generally within the range of 4 mm and their reaction to the heavy rainfall is mainly
indicating the water vapor asymmetry in the atmosphere. The slant residuals show a strong
correlation with the satellite elevations, their magnitude is not obviously enlarged during
the heavy rainfall period, which indicates the proposed optimal PPP strategy can absorb
the troposphere residuals to the ZTD or the gradient parameters.

Extreme rainstorms can cause heavy casualties and huge economic losses. Our re-
sults validated that the proposed strategy can obtain high-accuracy PWYV in real time and
can be used for server weather monitoring; however, the rainfall prediction method is
not investigated in the paper. One reason is that there are limited GNSS stations and
meteorological stations access. Another reason is that the commonly used indicator, in-
cluding the maximum PWYV, and the hourly/daily PWV variations are not enough for
rainfall prediction.
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